a CAU-10-H displays a highly suitable step-wise water adsorption behaviour for application in adsorption driven heat pumps and chillers. For actual application, manufacturing of coatings of this material on thermally conductive surfaces is highly desired. Direct, single-step, crystallization of CAU-10-H on either metallic or anodized aluminium yields a significant amount of by-productĲs) and an inhomogeneous substrate coverage. Although adequate pretreatment of the substrates before crystallization improves the quality of obtained coatings, significant improvements are achieved only when crystal nucleation and growth are separated. More specifically, application of a reactive seeding approach with anodized aluminium leads to full coverage of the substrate surface, high MOF loading and high purity of the crystalline phase, homogeneous layer thickness, narrow crystal size distribution, and good stability in repeated water adsorptiondesorption cycles.
Introduction
Adsorption driven heat pumps and chillers, AHP/ADC's, have great potential for reducing primary energy consumption and mitigating associated CO 2 emissions and anthropogenic climate change. 1 Devices based on this principle can potentially employ low grade thermal energy, e.g. solar or industrial waste heat, to sustainably supply cooling and heating, making use of the reversible ad-and desorption of, preferably, water.
Compared to commercially applied adsorbents, the MetalOrganic Framework (MOF) CAU-10-H shows a higher volumetric adsorption capacity and thermodynamic efficiency for water as a working fluid. 1,2 CAU-10-H contains isophthalic acid as organic linker and cis-connected AlO 6 -polyhedra, forming helical chains. The resulting structure has unidirectional pores. This MOF consists of abundantly available aluminium and isophthalic acid, both of which are produced industrially on a large scale, 3 placing this MOF among the most commercially viable ones. Furthermore, its synthesis does not require an expensive sacrificial template, in contrast to e.g. the zeotype structures of the AQSOA-series [4] [5] [6] used in commercially available devices of Mitsubishi. [7] [8] [9] [10] [11] [12] [13] The potential of CAU-10-H is further strengthened by the fact that the material is perfectly stable towards water and has not shown any sign of degradation over 700 repeated adsorption/desorption cycles, 14 a feature not commonly encountered for MOFs when exposed to water. 1 Altogether, these features confirm CAU-10-H as a commercially viable adsorbent for application in adsorption driven heat pumps and chillers. For successful implementation however, heat and mass transport should be fast enough to allow for high volume-specific power output. A promising way to achieve this is by coating a thermally conductive surface with the adsorbent of choice. E.g., the AQSOAseries are coated on a heat exchanger by using a binder. 6, 7 Furthermore, as mentioned by Ferey et al., MOFs show improved efficiency for air dehumidification, an application that shows similarities with AHP/ADC's, compared to zeolitic materials, when they are coated on honeycomb shaped rotors. 15 To create such a coating, ideally, a binderless method is preferred as the binder does not only add to the cost of a device, but also dilutes the active material, decreasing the overall efficiency of the system. When MOFs are considered specifically, (organic) binders cannot be removed by combustion after coating, as this would also cause oxidation of the ligand of the MOF. Therefore, a coating by directly crystallizing the MOF on a thermally conductive surface is preferred. 16 Previous results already indicated that CAU-10-H coatings can be formed directly on metallic aluminium (m-Al) supports. 17 By addition of HCl to the reaction mixture, a optimize the properties of the formed crystalline layer of CAU-10-H on aluminium substrates. Desired properties for this layer are: (i) full coverage of the surface, (ii) high MOF loading, (iii) homogeneous layer thickness, (iv) narrow crystal size distribution, (v) sufficient stability under working conditions and (vi) high purity of the crystalline phase. Here results of a systematic study of different synthesis parameters and an optimized protocol for the synthesis of homogeneous CAU-10-H coatings are presented.
Experimental

Materials
Two different types of substrates were applied. Metallic aluminium (m-Al) substrates with a thickness of 0.5 mm and a purity of 99.9999% were purchased from Mateck GmbH. Anodized aluminium (a-Al) substrates (Durapor 15) with a thickness of 0.5 mm were purchased from Polychromal B.V. According to the manufacturer's specification, the aluminium oxide layer is 15 μm thick. For all syntheses, substrates were cut into squares of 20 × 20 mm with corners cut-off. Typically, the sample mass was~0.54 g and~0.58 g for metallic and anodized aluminium substrates, respectively. The substrates were used either as received or after specified pretreatment. Isophthalic acid, 1,3-H 2 BDC (99%), aluminium sulfate octadecahydrate, Al 2 ĲSO 4 ) 3 ·18H 2 O (ACS reagent ≥ 99.8%), N,N-dimethylformamide for synthesis, DMF (anhydrous 99.8%), N,N-dimethylformamide for post-processing, DMF (puriss p.a., ACS reagent ≥ 99.8%), hydrochloric acid, HCl (ACS reagent, 37% in water), acetone (ACS reagent, ≥ 99.5%) and methanol (anhydrous 99.8%) were purchased from Sigma-Aldrich and used without further purification. Deionized water with a conductivity of 0.12 μS cm −1 was prepared using a MILIPORE MILI-Q.
Powder synthesis CAU-10-H CAU-10-H powder was synthesized using two different ways, by conventional heating and microwave irradiation. The main difference in synthesis protocols lies in the employed reaction time, which is generally significantly shorter when microwave irradiation is used. [18] [19] [20] The molar ratios of reactants are identical in both approaches, as is the sample postprocessing. Conventional synthesis. CAU-10-H was synthesized according to Reinsch et Microwave synthesis. 1,3-H 2 BDC (12.9 mmol, 2.1 g), Al 2 ĲSO 4 ) 3 ·18H 2 O (12.9 mmol, 8.6 g), DMF (137 mmol, 10.0 g) and deionized water (42.4 ml) were added to a Teflon insert with a capacity of 90 ml. The vessel was sealed, equipped with a thermocouple and placed in the microwave oven (Milestone MultiSYNTH, 300 W, 10°C min −1 ). The reaction mixture was heated to the required reaction temperature (135°C ), left for 1 h at this temperature and then allowed to cool to ambient temperature. Stirring was not applied during synthesis.
Post-processing (powder). After synthesis and cooling to ambient temperature, the reaction mixture was filtered using a diaphragm vacuum pump (Vacuubrand MZ 2C, 1.7 m 3 h −1 ), a Büchner funnel with filtration paper (GVS Maine Magna, nylon membrane filter, type: plain, pore size 0.45 μm, diameter 90 mm) and a side arm filtering flask. The loaded filter paper was dried in a muffle oven at 100°C for about 20 min. The filtration residue was transferred from the filtration paper into a beaker where it was submerged in about 20 ml DMF at room temperature overnight. The suspension was again filtered and dried as above. The filtration residue was then submerged in about 20 ml deionised water at room temperature overnight. After filtration and drying, the powder was stored in a sample vial.
Formation of CAU-10-H on substrates
Three synthesis protocols have been followed in order to optimize the formation of CAU-10-H on aluminium substrates: (i) the single-step direct synthesis, adopted from previous work, 17 and two multi-step procedures in order to separate crystal nucleation and growth, (ii) reactive 21 and (iii) thermal seeding. 22 All substrates and possible solids obtained in the reaction solution (i.e. filtration residue) were activated following an identical protocol. Substrate pretreatment. Pretreatment of as-received substrates might be necessary to remove surface impurities, and furthermore to enhance reactivity of the substrate before synthesis. To this end, two different substrate pretreatment methods have been applied, based on previously reported procedures by Arnold et al. 23 and Bux et al. 24 Method A comprises only cleaning in solvents, while method B also includes a mild acid treatment with HCl. Details can be found in the ESI † (section S1). Direct synthesis coating. In attempts to optimize the quality of CAU-10-H coatings on aluminium-supports, process parameters and synthesis mixture compositions were varied systematically. Starting point is the synthesis protocol found most successful in previous studies, 17 required reaction temperature in a convection oven (Heraeus T6, 5°C min −1 ) for a given reaction time. For the standard synthesis protocol, reaction temperature is 135°C and reaction time is 12 h. This, in combination with the abovementioned standard synthesis mixture composition, will be referred to as "standard synthesis protocol" (SSP). Using these conditions as starting point, e.g. the amount of added DMF was reduced (75%, 50%, 25%, 0%), the amount of HCl was varied (200%, 50%, 0%), an additional aluminium source ĲAl 2 ĲSO 4 ) 3 ·18H 2 O) was added (up to 3 g), and reaction time was altered, one variation at a time. When the amount of HCl solution is altered, the amount of deionized water is adjusted to keep the total amount of water constant. After reaction, the autoclave was removed from the oven and allowed to cool to ambient temperature. The reaction mixture including the substrate was subjected to post-processing (vide infra).
Reactive seeding coating. The reactive seeding approach is based on the methodology applied by Hu et al., who used it to create MIL-53(Al) membranes on alumina supports. 21 The approach revolves around two distinct steps. In the first, small MOF crystals (seeds) are attached to the surface via a synthetic reaction. In the second, these seeds are grown to large crystals in the presence of MOF synthesis precursors under hydrothermal conditions. For the reactive seeding step, pretreated substrates were placed in a Teflon insert with a capacity of 45.0 ml. Subsequently, 1,3-H 2 BDC (5.2 mmol, 0.86 g), DMF (4.2 ml), HCl (37% in water, 1.7 ml) and deionized water (17.0 ml) were added. For a-Al, no HCl was added and the amount of deionized water was adjusted to keep the total amount of water constant. The Teflon insert was closed with a lid, sealed in an autoclave, and heated in a convection oven (Heraeus T6, 5°C min −1 ) to the required reaction temperature (135°C). Stirring was not applied during synthesis. The time allowed for reactive seeding, t rs was varied from 1 to 4 h. After reaction, the autoclave was removed from the oven and allowed to cool to ambient temperature. The seeded substrate was thoroughly rinsed with DMF and deionized water and subsequently dried in an oven (Heraeus, T5042) at 100°C for 1 h. This seeded substrate was weighed and stored in a sample vial, until used in the second step. For secondary growth, the seeded substrates were placed once more in a Teflon insert with a capacity of 45.0 ml. Either of two different precursor solutions, without added acidity, were used keeping volume of water constant, employing a dilution ratio (DR) of either 2 or 5 for the other reactants, relative to conventional synthesis. E.g. for a dilution ratio of 2, the following was added: 1,3-H 2 BDC (2.6 mmol, 0.43 g), Al 2 ĲSO 4 ) 3 ·18H 2 O (2.6 mmol, 1.7 g), DMF (2.2 ml), deionized water (17.0 ml). For a ratio of 5, this becomes: 1,3-H 2 BDC (1.0 mmol, 0.17 g), Al 2 ĲSO 4 ) 3 ·18H 2 O (1.0 mmol, 0.69 g), DMF (0.84 ml, 0.80 g), deionized water (17.0 ml). The Teflon insert was closed with a lid, sealed in an autoclave, and heated in a convection oven (Heraeus T6, 5°C min −1 ) to the required reaction temperature (135°C). After a reaction time of 12 h, the autoclave was removed from the oven and allowed to cool to ambient temperature. The reaction mixture with the substrate was post-processed as described previously. Thermal seeding coating. The thermal seeding approach is adapted from Guerrero et al., who applied this method for the creation of HKUST-1 membranes on porous supports. 22 The procedure consists of three steps: seed formation, attachment of seeds to the substrate surface and secondary growth.
The used seeds are created with microwave heating. Three different seed solutions are employed. Solution 1 is the reaction mixture, after cooling down and without further treatment (for a yield of~65%, as commonly observed for conventional synthesis, 2 this would be roughly 3 wt.% CAU-10-H).
For the other solutions, CAU-10-H powder was processed after synthesis as before. Seed solutions 2 and 3 contain CAU-10-H seeds dispersed in deionized water, respectively with 2.5 and 5 wt.% MOF. Prior to the seeding experiments, the selected seed solution was sonicated in an ultrasonic bath (VGT-1730QT, 100 W, 40 kHz) for 1 min to break down agglomerates.
For the attachment of seeds, pretreated substrates were placed in a petri dish and heated in a convection oven (Heraeus T6, 5°C min −1 ) at 200°C for 15 min. While the substrates were still inside the oven, a seed solution was dropped on the surface of the hot substrates using a pipette until the surface was completely covered with the solution (2-6 ml, roughly). The substrates were kept inside the oven for 15 min to allow for complete evaporation of the solvent. To obtain a complete coverage of the substrate surface with seed crystals, this procedure had to be repeated two more times when seed solution 1 was used. In contrast, only one thermal seeding step was required when either solution 2 or 3, only containing CAU-10-H seeds in water, was used. The seeded substrates were then rinsed with deionized water, to remove excess material and not attached seeds, and subsequently dried in an oven (Heraeus T5042) at 100°C for 1 h. The secondary growth step is the same for thermal and reactive seeding (vide supra). Post-processing. After completion of a coating synthesis, the reaction mixture was allowed to cool to ambient temperature. Subsequently, this mixture was filtered using a diaphragm vacuum pump (Vacuubrand MZ 2C, 1.7
Büchner funnel with filtration paper (GVS Maine Magna, nylon membrane filter, type: plain, pore size 0.45 μm, diameter 90 mm) and a side arm filtering flask. After filtration, the substrate covered with MOF and the loaded filter paper were treated individually. The substrates were submerged in DMF overnight at room temperature. The solvent was decanted and the substrate was rinsed with deionized water and submerged in about 20 ml deionized water overnight at room temperature. Afterwards, the water was decanted and the substrate was rinsed with deionized water and dried in a muffle oven at 100°C overnight. After drying, the substrate was weighted and stored in a sample vial. The filtration residue was processed in the same way as regular powder samples.
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All methods and procedures for characterization of powder samples and substrates can be found in detail in section S2. †
Results and discussion
The results of bulk (powder) synthesis of CAU-10-H are discussed as reference in comparison with CAU-10-H coated on substrates. The crystals formed are used as seeds in the thermal seeding approach. Subsequently, coatings obtained by direct synthesis are discussed briefly. The main focus of this article, the benefits of employing two multi-step approaches, reactive and thermal seeding are discussed next. Finally, selected substrates are characterized and compared in detail.
Powder synthesis
From both conventional and microwave synthesis, pure CAU-10-H is obtained (Fig. S1, S2 †) . The adsorption capacity of N 2 and H 2 O is seemingly somewhat larger for the material obtained by microwave synthesis (Fig. S3 †) . As the difference in N 2 adsorption capacity (which is determined at significantly lower temperatures) is larger, this can be attributed to diffusional limitations in the material obtained from conventional synthesis. This can be further made plausible by the fact that for N 2 the adsorption hysteresis is not fully closed at p/p o ≤ 0.4 for the material from conventional synthesis (Fig. S3 †) , another indication for possible diffusional limitations. 25, 26 The fact that microwave synthesis, on average, results in smaller particle sizes is commonly observed for MOF crystals. [18] [19] [20] 27, 28 SEM images reveal that the size of the smaller crystals present in both samples is roughly of the same order of magnitude, but after conventional synthesis, more and larger crystal agglomerates exist, likely causing the observed diffusional limitations (Fig. S4 †) . Water adsorption measured at two temperatures for CAU-10-HĲMW), see Fig. 1 , allows for the calculation of the isosteric enthalpy of adsorption. As previously noted, 1,17 the reversible step in uptake, at p/p o~0 .15 makes CAU-10-H a suitable candidate for adsorption driven allocation of cold especially.
The isosteric enthalpy of adsorption at the steep step in water uptake This process turned out to be more efficient for γ-aluminacontaining supports than for metallic aluminium.
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As metallic supports display higher thermal conductivity and are desired for the actual application, it was evident to employ aluminium supports with an (anodized) aluminiumoxide layer. The oxide layer is 15 μm thick in case of a-Al, whereas on metallic aluminium a native oxidic skin layer of only 4 nm is present. 31 Furthermore, anodized oxide layers are composed of amorphous alumina, if not calcined thoroughly, 32 which might further increase reactivity compared to γ-alumina. No XRD reflections were observed for the anodized layer itself (Fig. S5 †) , confirming the amorphous structure of the alumina. Because of the anodization, a-Al substrates display mesoporosity and have a small water adsorption capacity, features absent for m-Al (Fig. S6 †) . Direct synthesis. Initial attempts at improving coatings were made by varying synthesis conditions. As these variations led to inferior coatings, these are discussed only briefly (details in section S4 †). The addition of different amounts of Al 2 ĲSO 4 ) 3 ·18H 2 O, the precursor used for bulk CAU-10-H, to the synthesis mixture (on m-Al) has an adverse effect on surface coverage, and the undesired secondary crystalline phase is more dominantly observed, a finding in concert with that of the work of Reinsch et al. for bulk powder synthesis. 2 Reducing the amount of hydrochloric acid added by 50% for m-Al (Fig. S9 †) results in a slightly lower coverage. When the amount of HCl is doubled (Fig. S9 †) , coverage is greatly reduced and crystals apparently appear only along grooves, likely created by the preferential dissolution of Al 3+ ions from local aluminium crystal boundaries in the metallic support, as was observed in a previous study. 17 Using HCl for syntheses on a-Al is detrimental for the integrity of the support itself and leads to the formation of an amorphous phase (Fig.  S10-S12 †) . The added isophthalic acid linker is thus more than sufficient to extract Al 3+ -ions from the support (a-Al), though HCl by-product formation and incomplete surface coverage are observed (Fig. S10, S12 †) . The utilization of additional acids thus is not necessary, having an adverse effect on the formation of MOF crystals (and will further not be used on a-Al substrates). When the amount of DMF is significantly reduced (this has e.g. a positive effect on the crystallization of MIL-53ĲAl)-NH 2 (ref. 33)) for syntheses on m-Al, no CAU-10-H is formed and instead a large amount of recrystallized isophthalic acid is found (Fig. S13-S15 †) . For a-Al, crystallization apparently becomes more homogeneous with decreasing amounts of DMF, though for all experiments large fractions of the crystals formed on the surface consist of by-productĲs) (Fig. S14, S16 †) .
The reduction of temperature or prolongation of reaction time might yield more controlled crystal growth. [34] [35] [36] [37] Unfortunately, when synthesis is performed at a lower temperature (115°C), no satisfactory crystal growth is achieved (Fig. S17 †) . Longer reaction times (at 135°C) result in larger crystals on the surface (Fig. S18 †) , but coverage becomes more inhomogeneous and by-product formation is increased (Fig. S19 †) . Apparently, undesired Ostwald-ripening 38 occurs, limiting the use of longer crystallization times. Support pretreatment. Pretreatment (methods A and B, vide supra) is used for two possible purposes here: (i) it might remove pollutants present on the substrate surface 23, [39] [40] [41] and (ii) it might create additional OH-groups to improve reactivity. 23, 24, 42, 43 For m-Al substrates, surface coverage and crystal size distributions are hardly altered when either of the pretreatment methods is applied (Fig. S20 †) . For a-Al however, coverage is systematically increased from untreated to samples pretreated with method A and further with method B (Fig. S21 †) . This is likely due to impurities introduced during the anodization process, which are removed by pretreatment. For m-Al method A is optimal, for a-Al this is method B (Fig. S22 †) , as by-product formation is lowest. The effect of pretreatment method A for m-Al and especially method B for a-Al, has a beneficial effect on reproducibility (Fig. S23-S27 †) . Again, when supports are pretreated, longer reaction times decrease the coating quality (Fig. S28-S32 †) . In summary, using direct synthesis methods, it has been found nearly impossible to obtain coatings of improved quality by means of varying synthesis conditions. Therefore separating crystal nucleation and growth is concluded to be a more feasible strategy. To this end, the reactive and thermal seeding approaches, from Hu et al. 21 and Guerrero et al., 22 respectively, are adopted here. Reactive seeding. To create small MOF crystals on the support, a synthesis between 1 and 4 h is performed on pretreated m-Al (method A) and pretreated a-Al (method B). Conditions are as defined (SSP, vide supra), though for a-Al HCl is omitted (SSPa). A seed reaction time of 1 or 2 h results in negligible coverage (Fig. S33 †) . For reaction times of 3 and especially 4 h, small crystals, seemingly CAU-10-H (Fig. S34 †) , can be observed on the surface of both substrates (Fig. 2, top) . These seeded substrates are deemed suitable for secondary growth. When a dilution ratio of 2 is employed during secondary growth, incomplete and inhomogeneous substrate coverage is observed on both substrates (Fig. S35 †) . The crystals formed on the substrate surface seemingly are pure CAU-10-H for a-Al substrates (Fig. S36 †) , though for m-Al substrates unwanted by-productĲs) are found. High purity CAU-10-H crystals are obtained in solution (Fig. S36 †) . These results clearly indicate that crystallization is too rapid when a dilution ratio of 2 is employed, resulting in detachment of CAU-10-H from supports and possibly facilitating nucleation and growth in the synthesis solution. Increasing the dilution ratio to 5 significantly increases coverage and homogeneity of the formed layers (based on SEM images, Fig. 2 ) and phase purity (Fig. 3) .
Moreover, this is highly desired from a synthesis yield point of view, since most of the reactants are used to manufacture the coating, and the amount of detached crystals and unreacted reactants is minimized.
Remarkably, layers formed on anodized aluminium after 4 h of synthesis exhibit an excellent quality. A dense, homogeneous coverage of phase-pure CAU-10-H is created (Fig. 2d) . The obtained quality is far better than that from syntheses performed in one step, indicating the potential of separating crystal nucleation and growth for the creation of MOF coatings on substrates.
Thermal seeding. The first step in thermal seeding is the formation of seeds synthesized via microwave heating (vide supra). Utilizing the solution obtained from microwave reaction directly (solution 1) fails to properly deposit seeds on either of the pretreated supports, even after repetitive addition of the seed solution (Fig. S37 †) . This is notably different for seed solutions 2 and 3, containing 2.5% and 5% wt. of CAU-10-H crystals dispersed in water, respectively, as seeds are clearly visible on the pretreated supports (Fig. 4, top) . For secondary growth, only a dilution ratio of 5 has been employed, based on the experience with reactive seeding. The pretreated substrates after secondary growth show a satisfactory coverage (Fig. 4) and phase purity (Fig. 5) .
Compared to the coverage obtained with reactive seeding, the crystal size distribution seems slightly less homogeneous and there appear to be some areas with lower coverage. This might be attributed to the less intimate contact of seeds with the support in this method, than using reactive seeding. Nonetheless, also in this approach coverage, crystal homogeneity and phase purity are superior to those obtained via direct synthesis, once again underlining that separating crystal nucleation and growth is extremely suited for the creation of MOF coatings on substrates.
Comparison of coated substrates
Coating methods. In many of the performed syntheses, a significant amount of crystalline by-product is formed, of which the exact structure is not known. Recently it was reported that MIL-53(Al) is converted to non-porous γ-AlOĲOH) (boehmite) when exposed to water at elevated temperatures. 44 Furthermore, under reaction conditions, insoluble AlĲOH) 3 might precipitate. 45, 46 Unfortunately, neither the XRD patterns of these phases, nor of those resulting from the recrystallization of any of the precursors correspond to the one of the formed by-productĲs) (Fig. S38 †) . The same holds for either α-or γ-alumina. 47 As the secondary phase(s) could not be isolated, the identity will remain unknown. However, compared to results obtained in previous work, 17 significant advances have been made with respect to homogeneity in both substrate coverage and size distribution of the deposited CAU-10-H crystals. Furthermore, by-product formation is minimized when decoupling crystal growth and nucleation. These advancements have been achieved by proper substrate pretreatment, employment of anodized alumina on the surface layer, and the separation of crystal nucleation and growth. Especially, reactive seeding on pretreated a-Al has been shown to be a promising route, based on SEM microscopy and X-ray diffraction patterns. These techniques however, do not yield any information on adsorption capacity and (cyclic) stability, nor on the chemical composition of the coating. To elucidate this, further characterization has been performed for a selection of samples. Specifically, CAU-10-H obtained by direct synthesis (DS.) on untreated (UT.) a-Al and m-Al and on pretreated a-Al (method B, M.B.) and m-Al (method A, M.A.) are compared with the samples obtained by the reactive seeding (RS.) approach on both pretreated a-Al and m-Al.
IR spectra of CAU-10-H coated substrates after secondary synthesis (Fig. S40 †) show similarity with the recorded spectrum for pure CAU-10-H (Fig. S39 †) , confirming once more the presence of CAU-10-H. However, there are notable differences as well, attributed primarily to the presence of byproductĲs). Comparison of these IR spectra (Fig. S39, S40 †) tends to indicate that the by-product contains Al-OH groups but hardly, if any, isophthalic acid (section S7 †).
Thermo-gravimetric analysis (Fig. 6) is congruent with the qualitative indications by SEM analysis. The decrease in mass between 500 and 600°C, which represents exothermic oxidation of the organic ligand, is largest for reactive seeding on a-Al. This is also observed in the SDTA profile (Fig. S41 †) . Notable exception is the profile for the direct synthesis on pretreated a-Al, for which seemingly significant amounts of isophthalic acid are present (section S7 †). Water adsorption isotherms on the selected coated substrates are shown in Fig. 7 .
Clearly, for all but direct synthesis on untreated a-Al, the desired step of CAU-10-H (Fig. 1) is mimicked on these substrates at the same relative pressure, demonstrating that coatings indeed behave like the bulk material. The a-Al substrate coated with CAU-10-H by reactive seeding shows the highest water adsorption capacity, displaying a significantly improved capacity compared to the other substrates and previous work. 17 Nitrogen adsorption isotherms reveal strong diffusional limitations and henceforth do not offer a solid basis for detailed interpretation (Fig. S42 †) . In the preceding conclusions regarding purity, surface coverage and crystal size distribution and adsorption capacity have been drawn. Ideally one would like to supplement this with a quantification of the amount of CAU-10-H present for selected samples. This desire is not so easily fulfilled, as e.g. methods based on quantitative elemental analysis cannot differentiate between aluminium present in the support and in Fig. 5 XRD patterns of used CAU-10-H seeds and substrates after thermal seeding and secondary growth, for pretreated m-Al (method A) and pretreated a-Al (method B), using seed solution 2 (2.5 wt.% seeds) and 3 (5 wt.% seeds) and a dilution ratio of 5. the MOF structure. Hence further assumptions would be necessary, e.g. that all carbon atoms present in the sample belong to CAU-10-H on the substrate. As aluminium is predominantly present in the sample, because of the thickness of the dense support with respect to the porous coated layer, the uncertainty in the quantity of carbon present is anticipated to be large. Furthermore, weighing (dried) substrates before and after coating synthesis gives a skewed image as a-Al substrates are seemingly more prone to leaching and thus, for the same synthesis method, always display a lower weight of CAU-10-H (Table S1 †). This method thus does not yield a clear indication on the amount of MOF present. Here, it is chosen to display trends in CAU-10-H based on two simple and rather unsophisticated methods, all with inherent drawbacks.
• First, one could estimate the amount of CAU-10-H on the substrate by the weight loss observed between 450 and 700°C, assuming that all the loss observed (Fig. 6 ) is caused by burning the organic ligand and subsequently that all decomposed ligands were incorporated in the CAU-10-H structure.
• Second, by stating that the step in water adsorption (Fig. 7) is solely caused by CAU-10-H on the substrate surface and assuming that this has the same specific adsorption capacity as bulk MOF powder (Fig. 1) , one can calculate the amount of MOF present on the substrate surface.
This intrinsically means however that substrates need to be cut to smaller proportions be able to fit a sample holder for water adsorption (~8 × 20 mm) or TGA analysis (~8 × 8 mm). This procedure might thus cause some loss of MOF material on the cutting edges and underestimate the actual loading. Nonetheless, estimated MOF loadings of these analyses are shown in Table 1 , per unit of substrate surface.
The MOF loadings determined by TGA and by water adsorption show similar trends and a fair agreement, although the quantity obtained by analysing TGA is always lower than for H 2 O adsorption. This could well be because of the necessity to cut these plates to manageable sizes. If this is the case, the loading indicated by H 2 O adsorption also underestimates the actual MOF loading, as the substrates have to be cut, but to lesser extent (vide supra). Nonetheless, based on water adsorption, a 25% increase in capacity has been achieved with reactive seeding on pretreated a-Al compared to the direct synthesis on untreated m-Al, the protocol used in previous work. 17 This means that up to 48 kJ of heat can be withdrawn in the evaporator of an AHP/ADC per square meter of coated anodized aluminium surface (for metallic aluminium this is only 38 kJ (ref. 17) ). On top of that, reactive seeding leads to a more homogenous coverage of crystals and a significantly narrower crystal size distribution as well as enhanced purity of CAU-10-H. Performance. Cyclic water ad-and desorption measurements were performed gravimetrically for both pure CAU-10-H (conventional synthesis) and coated CAU-10-H (reactive seeding on pretreated a-Al (method B)) to assess stability of the coated substrate and comparing the response times of both systems (Fig. 8) .
Clearly both bulk CAU-10-H and the substrate do not lose adsorption capacity over nine cycles. For the bulk powder this is expected as Fröhlich et al. already demonstrated that adsorption capacity of CAU-10-H is retained over 700 cycles. 14 Clearly, stability is not compromised when this MOF is coated on a substrate, a feature indispensable for application in adsorption driven heat pumps and chillers. No loss of coated CAU-10ĲAl)-H was observed (in powder form) after these cyclic measurements, a first indication that these coatings are indeed mechanically robust enough to withstand cyclic ad-and desorption measurements. Furthermore, the response of the amount adsorbed on a temperature step change is significantly more rapid for the coated sample, indicating that heat and mass transport are enhanced when a coated substrate is employed, in comparison to the powder sample. The loading, however, expressed per unit mass of sample, is significantly lower for the substrate than for the bulk powder. This is because the aluminium substrate has a thickness of~0.5 mm, and its coating has only a thickness in the order of 60-120 μm (SEM images), so most of the sample mass comes from the bulk aluminium. For application in AHP/ADC devices a thermodynamic optimization analysis of the coating thickness with respect to the support thickness should be performed, considering not only capacity, but also heat and mass transport.
The optimal coating method found for CAU-10-H on metallic aluminium substrates requires a number of necessary steps starting from metallic aluminium: (i) anodization, (ii) pretreatment, (iii) reactive seeding and (iv) secondary growth, which may hamper scalability of these coatings. In this sense, it might be beneficial to integrate some of the steps, especially merging anodization and pretreatment should be feasible. Additionally, the employed anodized layer was selected because of commercial availability, not because it necessarily holds optimal properties for MOF attachment. Optimizing anodization conditions and combining this step with the seeding step might thus further improve the manufacture of CAU-10-H coatings.
Conclusions
For manufacturing of CAU-10-H coatings on aluminium substrates, syntheses on metallic aluminium (m-Al) with varying manufacture conditions did not result in a notable improved coating quality. Any deviation from the standard synthesis protocol (SSP) leads to worse coatings.
The porous amorphous aluminium oxide layer of anodized aluminium (a-Al) is more reactive and thus crystallization on the surface is easier. However, a significant amount of by-productĲs) is formed, attributed to the higher content of extracted aluminium ions near the surface.
Substrate pretreatment improves both reproducibility and coating quality of CAU-10-H on both m-Al and a-Al substrates. For m-Al substrates cleaning with acetone (method A) yields optimal results. For a-Al, additionally the substrate should be contacted with a diluted HCl solution (6% in water) (method B) for optimal results. Despite the improvement achieved, obtained coatings are still suboptimal in coverage, homogeneity of crystal sizes and purity. Separation of crystal nucleation and growth yields significantly improved quality, showcased by the high purity and homogeneous crystal size distribution obtained by both thermal and reactive seeding on pretreated substrates. Especially reactive seeding in conjunction with pretreated a-Al (method B) yields full coverage of the substrate surface, a homogeneous layer thickness, narrow crystal size distribution, and high purity of the crystalline phase, fulfilling every requirement for application in adsorption driven heat pumps and chillers, namely: full coverage of the substrate surface, high MOF loading, homogeneous layer thickness, narrow crystal size distribution, sufficient stability and high purity of the crystalline phase. Coatings created with this method do not lose capacity upon repeated water adsorption-desorption cycles and respond much faster to temperature changes than bulk CAU-10-H powder. 
